Stemming from the need to inform US consumers about the potential health hazards originating from regulatory deficiencies and an inadequate capacity to conduct the complete screening of beverage products entering the US, this study aimed to answer two questions: (1) how do concerning metal concentrations of beers imported to the US market compare to those in US produced beers; and (2) do imported and domestic beers exhibit concerning metal concentrations below the existing US primary drinking water standards. To address this aim: (1) beers manufactured worldwide, which were commercially available on the US market were obtained; (2) the concentration of concerning metals in the beers was analyzed; and (3) data were examined and correlated to explore any US maximum contaminant level (MCL) exceedances and determine whether geographic or grain-related trends exist. The results showed that there are no significant differences between the concerning metal concentrations of imported vs. domestic beers in the US market. Some specific heavy metals, like arsenic, are present in both imported and domestic beers in concentrations that exceed the national primary drinking water standards MCLs. Although water quality may be a factor contributing to the elevated concentrations of concerning metals in beers, it is more likely that the grain ingredients are greater contributors to the observed trends.
INTRODUCTION
With the growth of the open market economy and the influx of international food and beverage (F&B) products into the US, the existing capacity of responsible agencies which monitor the quality of these products has been rendered insufficient [1] [2] [3] . It is widely suspected that the quality of many commercially available F&B products is not adequately monitored, which opens up avenues for the introduction of questionable quality food and beverage products on the US market. Recent findings about high concerning metal concentrations in some commercially available F&B products have raised health-related concerns among the general population [4] [5] [6] [7] . In particular, it was found that some beverages, which are part of a typical diet in the US, exhibit concerning metal concentrations in excess of the promulgated maximum contaminant levels (MCLs) for potable water [8] [9] [10] [11] [12] .
In the US, beer represents an especially sensitive diet category among adult Americans [13, 14] . With 110 liters of beer being annually consumed per adult American, which corresponds to the recommendation for moderate alcohol consumption of 1 "12 ounce" beer drink per day for women, the presence of concerning metals in this popular beverage could significantly contribute to the risks associated with exposure to concerning metals via the oral route [15, 16] . The main beer ingredients, like water and grain, represent the most likely sources of concerning metals in this beverage [17, 18] . While concerning metal contamination of water has been well recognized and widely studied, the ability of some plants, which are used in the production of beer, to concentrate and accumulate concerning metal contaminants from the growth matrix (soil and/or water) has not been fully clarified. Arsenic, chromium, lithium, lead and mercury are just some of the highly toxic elements found to readily accumulate in crops [19, 20] . Although many environmental factors affect the accumulation of contaminants, it seems highly likely that specific plants have unique selectivity towards specific elements [21, 22] . For example, a recent publication by the United States Food and Drug Administration (FDA) generated significant attention when it was reported that rice has higher levels of inorganic arsenic than other foods [23] . Interestingly, however, the FDA noted that further beer testing was not planned, although rice could be considered as one of the main arsenic contributors to rice beers [24] .
Although dietary exposures to concerning metal contaminants present in beer are unlikely to constitute an equal hazard to the consumers' health as the intake of water would, the potential impacts of beer quality on human health should not be neglected as beer accounts for over a dozen percent of the total daily beverage intake [16] . In the US alone, for example, 196 million barrels of beer were produced in 2012 [15] , which has the ability to generate over $91.6 billion per year [25] . Furthermore, the beer market has continued to grow on a global scale, even in countries where alcoholic beverages are not traditional [25, 26] . With eyes on the future, it seems that the beer industry is gaining economic importance [25, 27, 28] . Fueled by the recently generated health concern among the scientific and public communities, the presence of unwanted concerning metal contaminants in beer could prove to be the decisive factor in the projected market race [29, 30] .
Unfortunately, the existing regulatory policy does not appear congruous with the potential hazards and future economic trends. There are no regulations, for example, that impose maximum concerning metal concentration limits for beers entering the US market. Furthermore, there are also no well-established monitoring policies, which could serve as a basis for framing such regulations in the future. The Department of Treasury, which regulates the manufacture and trade of beer in the US, requires that water with potable quality be used for the production of beer [31] . This definition, however, is very vague and exhibits significant flaws because: (1) potable water quality defections are country specific; and (2) it does not clearly define whether the final beer product should comply with the US water quality regulations. To illustrate this, arsenic, which is commonly found in potable water and in beer manufacturing ingredients, is regulated by the US EPA with an MCL of 10 μg/l. The same MCL value is also promulgated by Canada and the European Union [32] . Considering a different techno-economic criterion, Australia has promul-gated a lower arsenic standard of 7 μg/l [32] . In contrast, however, many countries that export beer to the US have promulgated arsenic MCLs of 50 μg/l [32] . In light of these regulatory differences and the vague US Department of Treasury definition, it becomes necessary to better understand the existing concerning metal content trends in beers entering the US market, and especially the beers imported from developing countries. The underlying questions of this study are: (1) how do the concerning metal concentrations of beers imported to the US marked compare to those in US produced beers; and (2) do imported and domestic beers exhibit concerning metal concentrations below the existing US primary drinking water standards? The underlying question of importance is framed around the need to inform the US consumers about the potential health hazards originating from the regulatory deficiencies and inadequate capacity to conduct the complete screening of beverage products entering the US. To address the goal of this study: (1) beers manufactured worldwide, which are commercially available on the US market were obtained; (2) the concentration of concerning metals in the beers was analyzed; and (3) data were examined and correlated to explore any US MCL exceedances and determine whether geographic or grain-related trends exist.
EXPERIMENTAL APPROACH

Beers selection and geographic distribution
A set of 82 domestic and imported beers from 33 countries across the world were purchased in commercial liquor establishments located in Arizona, USA. This set included 77 beers with different commercial names and 5 duplicates. The geographic distribution of the breweries where the beers were produced is illustrated in Figure 1 . Grain type used for beer production was obtained from the manufacturer's specifications and included barley, wheat, rice, and oatmeal. 
Sample preparation and analysis of concerning metal concentrations
Sample aliquots from each beer were obtained immediately after opening the beers and pouring 50 ml into a 60 ml teflon septa vial precleared by sonication in 10 % nitric acid bath and triple-rinsed with ultrapure water (18.2 MΩ/cm). The samples were preserved with ultra-trace analysis grade nitric acid and stored at 4 °C before digestion to eliminate the effects of the organic compounds (e.g. surfactants) found in this complex aqueous matrix.
Digestion was conducted by following the modified EPA method 3050B [33] . Specifically, digestion was conducted by preparing a 12.5 ml aliquot from each preserved sample and mixing it with 3 ml of concentrated (≥ 67 %) nitric acid and 1 ml of hydrogen peroxide (≥ 30 %). Both the nitric acid and peroxide were ultra-trace grade. The mixtures were heated on a regulated hotplate at 100 °C until the solution was completely clear [34, 35] . The sample was cooled to room temperature before being diluted to 25 ml with ultrapure water.
All samples were analyzed via inductively coupled plasma optical emission spectroscopy (ICP-OES, Thermo iCAP6300 Radial) using 22 multi-element standards (Al, Ag, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sb, Se, Sr, Tl, V, and Zn). For the elements where the minimum detection limit was low, the standard additions method was employed, and the concentration of the target analyte was selectively increased by spiking a known analyte mass into the sample. Increasing the concentration of target analytes above the noise level resulted in improved sensitivity [36, 37] . In this study, the concentration of As, Ag, Cr, Pb, Sb and Se was determined via the standard additions method by spiking 50 µg/l of the targeted analyte.
Commercially available multi-element calibration standard (LGC) was used to prepare calibration curves in the 10-500 µg/l concentration range with correlation coefficient R 2 > 0.995 for all analyzed elements. Quality control sample was analyzed every 10 samples and all mean recoveries were within +/-10 % of the expected value. Each sample was analyzed in an analytical triplicate and the concentration of elements was measured on two wavelengths. Table S1 summarizes the wavelengths used in ICP-OES measurements of all 22 metals.
Statistical data analysis
To better understand the different hazard levels, the detected metal concentrations were divided into the three groups. The first group addresses the enforceable national primary drinking water standards (NPDWS) which apply to public water systems and aim to protect the public [38] . The second group addresses the non-enforceable secondary water quality standards (NSDWS), which aim to establish guidelines for aesthetics considerations [38] . However, many state health agencies and public water systems in the US frequently monitor and treat their supplies for secondary contaminants. The presence of these nonenforceable metal contaminants enabled the overall water quality matrix in beer to be better understood. The third group addresses the contaminants encompassed by the Third Unregulated Contaminant Monitoring Rule (UCMR 3), which provides a basis for future regulatory actions to protect public health [38] . Contaminants subject to UCMR3 were included in the contaminant candidate list (CCL3). This list contains contaminants that are known or anticipated to occur in public water systems, and are not currently regulated, but might be regulated in the future.
To assess whether any correlating trends between the geographical origin and ingredients of the examined beers exist with regard to the presence of concerning metals, the concentrations of metals were correlated with: (1) regions and countries of brewery factories; and (2) grain types used in the manufacture of beers. Only the elements which exceeded the regulatory or guideline limits in at least one beer were considered in geographical and ingredient correlations. The comparison of beers in each of the selected groups was based on the average concentration of metals and its deviation. Non-detected metals were included as zero values in the calculation. To simplify the visual comparison between the samples and illustrate the average metal concentration in each beer group, column bar graphs were used. The column bars were accompanied by appropriate error limits to indicate whether statistically significant differences exist. Depending on the number of samples (n) encompassed by each beer group, error bars representing the 95% confidence interval (CI) for n ≥ 3 or minimum and maximum values for n = 2 were presented. The data related to the beer originating from South America have no error bars because only one sample was examined (n = 1). When n ≥ 3, the 95 % confidence intervals were used to describe the 95 % probability range of the concentration for specific metals in the selected beer categories. Figure 2 illustrates the average metal concentrations detected in the beer samples as compared to the US EPA national primary and secondary drinking water standards and the unregulated contaminants that require monitoring and belong to the contaminant candidate list 3. Information about the concentration range of metals and the corresponding average are summarized in Table S2 of Supplement Information. 
RESULTS AND DISCUSSION
Identification of drinking water regulated concerning metal contaminants
Metals with national primary drinking water standards found in beer
Figure 2a summarizes the seven elements that were detected and have established MCL values under the NPDWS. Interestingly, all concerning metal contaminants exhibited average concentrations below the corresponding MCL values except for arsenic. Arsenic was detected in 76 % of the samples, with an average arsenic concentration of 21 ± 2.7(CI) μg/l, which was two times greater than the MCL for arsenic. Over two thirds of the samples (68 %) contained arsenic in excess of the US EPA regulated 10 μg/l limit, with the highest detected value of 63 μg/l, which is over six times the regulatory limit. These arsenic values correspond well with a recent study by Rodrigo et al. [39] , which included 125 beers retailing in the UK market and reported an average arsenic concentration of 63 μg/l. Such high arsenic concentrations could be attributed to contributions from a filtration process that employs diatomaceous earth, as reported by studies conducted by the Weihenstephan research center [40] . In the absence of actual reports to better understand how the beer production processes may contribute to arsenic and other concerning metal contaminants, it is imperative to expand the future research and prevent potential health risks like the one reported by Reynolds [41] , who documented the 1900 Manchester arsenic-inbeer epidemic.
In addition to arsenic, the other contaminants in Figure 2a did not exceed the MCL contaminants, with the exception of a very small number of samples. Selenium, a potential cause of circulatory problems, was found in 38 % of beers with an average concentration of 11 ± 3.4(CI) μg/l. Only one sample (1 %) exceeded the selenium MCL, with 120 μg/l, which was more than twice than the MCL value of 50 μg/l and could be considered a statistically negligible fraction. Unlike arsenic, selenium is rarely tested in beers. Rodrigo et al. [42] , however, reported a wide selenium occurrence with the mean value of 25 μg/l, which was about 2 times greater than the one observed in this study.
Antimony was much less prevalent in the analyzed beer samples. It was detected only in 6 % of the samples with an average concentration 2 ± 1.6(CI) μg/l, 5 % of which exceeded MCL of 6 μg/l. The maximum detected concentration of antimony in this study was 84 μg/l, which was a more than 10 times greater concentration than the MCL. This is interesting because antimony concentrations of >10 μg/l have not been reported [43, 44] . Considering that the potential health effects of antimony include an increase in blood cholesterol and blood pressure and a decrease in blood sugar, and that its presence in food has already been documented [38, 45, 46] , the occurrence of antimony in beers is not unexpected. However, the scarce number of reports that exist suggests that the presence of antimony in beverages has not been sufficiently explored.
Similar to antimony, lead was found in 4 % of beers with an average concentration of 1.1 ± 1.1(CI) μg/l. Two thirds of the lead-positive samples exceeded the MCL of 15 μg/l, with the highest detected value of 48 μg/l. Previous reports, however, documented that lead could even occur at higher concentrations ≥ 24 μg/l in beers found on the Spanish market [47] . High lead concentrations have the potential to cause kidney problems and high blood pressure in adults [38, 48, 49] .
In contrast to arsenic, antimony, selenium and lead, the other NPDWS regulated metals exhibited concentrations that were significantly lower than the enforceable MCLs. The highest barium concentration detected in the beer samples was 192 μg/l, which was more than 10 times lower than the MCL of 2000 μg/l. Similarly, copper was found in 73 % of the samples, with a maximal concentration of 138 μg/l, which is almost an order of magnitude lower than the regulated MCL of 1300 μg/l. Copper in a similar range (from 29 to 150 μg/l) also was found in all Polish beers [50] . Interestingly, however, Ibanez et al. [18] reported extremely high concentrations of copper in some beers, of 58,000 μg/l. Chromium concentrations were also significantly lower than the NPDWS MCL for total chromium of 100 μg/l. Chromium was detected in about 30 % of beers, with the highest concentration measured at 37 μg/l. These results correspond to findings from other studies, where the maximal chromium concentrations of 33 μg/l and 45 μg/l were reported for beers sold in the Canary Islands in Spain and Poland, respectively [19, 50] . Figure 2b summarizes the findings for metals that are identified as agents which could contribute to the impaired taste and odor of water. They are non-enforceable standards in the US, although some countries (for example India) have classified some of these contaminants as enforceable [51] .
Metals with secondary drinking water standards found in beer
Aluminum was found in 79 % of examined beers. The average aluminum concentration in beer was 264 ± 29.4(CI) μg/l, while the highest concentration was about 690 μg/l (Fig. 2b) . Aluminum concentrations that were greater than the US EPA promulgated secondary MCL (SMCL) of 200 μg/l were found in 61 % of beers. Similar ranges for aluminum concentration in beer were found by Szefer and Nriagu [52] and Lopez et al. [53] , who reported the highest values of about 600 and 790 μg/l, respectively. Although the detected aluminum concentrations were significantly greater than the SMCL, such relatively high concentrations of aluminum should not be regarded as a health risk. Nonetheless, older reports link high aluminum concentrations to factors contributing associated with the onset of Alzheimer's disease, encephalopathies and in some cases, osteomalacia [54, 55] .
Manganese was also found in relatively high concentrations in the majority of beer samples. It was detected in about 95 % of the examined beers. The average manganese concentration was 135 ± 13.4(CI) μg/l. Manganese in the range 340-390 μg/l was detected in four beer samples, which is 7-8 times greater than the corresponding SMCL for manganese of 50 μg/l. Interestingly, about 90 % of the samples exhibited manganese concentrations in excess of the SMCL. These findings are not dissimilar to those reported by previous studies, which suggest that the high presence of manganese in beer deserves close monitoring because of its potential neurological toxicity [39, 50, 56, 57] .
Although extensively present in beer, the concentrations of iron and zinc did not exceed the SMCL of 300 μg/l and 5000 μg/l, respectively. Iron was detected in 90 % of the beer samples with an average concentration of 53 ± 7.9(CI) µg/l and a maximum detected concentration of 308 μg/l. Zinc was detected in 80 % of beers with the average concentration of 17 ± 3.8(CI) μg/l and the highest concentration of 137 μg/l. A similar range of concentrations for both iron and zinc was detected in Polish beers, ranging between 45 and 530 μg/l for iron and between 4 and 120 μg/l for zinc [50] . The presence of iron and zinc in beer is typically attributed to the corrosion of process equipment; however, contributions from beer manufacturing ingredients should not be excluded [58, 59] .
Silver was found in 55 % of the beer samples with an average concentration of 13 ± 2.3(CI) μg/l and a maximum of 53 μg/l. These concentrations are significantly lower than the silver SMCL of 100 μg/l. Such low concentrations of silver are not uncommon for potable water. Specifically, it has been found that between 10 % and 33 % of drinking water across the US contains silver in the concentrations ranging from 30 μg/l to 80 μg/l [60] . Figure 2c summarizes the detected metals in the beer samples that are on the CCL3 list. Vanadium was the only metal from this group of unregulated elements with an average concentration of 38 ± 4.5(CI) μg/l, exceeding the levels promulgated by UCMR3 of 0.2 μg/l. According to the US Agency for Toxic Substances and Disease Registry (ATSDR), these values also exceeded the level of health concern (15 µg/l) [61, 38] . Surprisingly, vanadium was found in 73 % of the beer samples with maximum concentrations of about 117 μg/l. Similar findings have been previously reported by Wuilloud et al. [62] and Minoia et al. [63] who detected vanadium concentrations in beer to of 200 μg/l. Such high vanadium concentrations could be considered a potential health risk considering that vanadium pentoxide is in group 2B (possibly carcinogenic to humans) and this element is under consideration of becoming a regulated contaminant [64] . The origin of vanadium in beer is unclear and not well studied; however, it is interesting to note that vanadium has a similar chemistry to arsenic and may have similar plant transport and accumulation mechanisms [65] . Furthermore, it is typically present in waters with high arsenic concentrations, so these two routes could be the dominant sources of vanadium in beer.
Metals from Contaminant Candidate List 3 (CCL3) found in beer
Strontium and molybdenum were detected in 91% and 37% of beer samples with the average concentrations of 195 ± 31.2(CI) μg/l and 4 ± 0.9(CI) μg/l, respectively. According to UCMR3, both concerning metals require reporting because they exceed their respective limits of 3 μg/l for strontium and 1 μg/l for molybdenum. However, no beer samples exceeded strontium and molybdenum levels of concern according to ATSDR guidelines. Figure 3 illustrates the concentration of detected NPDWS metals in beers with respect to their regional and country origins. MCL defined by national primary drinking water standards (NPDWS): Europe (n = 35), North America (n = 25), Asia (n = 16), Australia (n = 3), Africa (n = 2), South America (n = 1); US (n = 18), Mexico (n = 3), Germany (n = 9), England (n = 6), Ireland (n = 3), China (n = 4), Japan (n = 3). Error bars represent 95 % confidence interval for n ≥ 3 and minimum and maximum values for n = 2.
The impact of geographic origin of beers on the presence of concerning metals
For Ireland beer group half of the error bar is higher than the average As or Se concentration.
With the exception of Australia, the average concentrations of all beers from the other world regions exhibited arsenic concentrations above the 10 μg/l US NPDWS MCLs. Beers from Asia and Africa had slightly higher concentrations of arsenic than the North American and European beers. It appears that Chinese and Mexican beer samples, which had higher arsenic concentrations, contributed the most to this trend. These beer samples had higher average arsenic concentrations than the European and American beer samples. Interestingly, Japanese beers exhibited arsenic concentrations that were lower than the NPDWS MCLs. In contrast, South American beers did not show the presence of arsenic, although these findings should be taken with a caveat considering that a very limited number of beers from this region were examined. One South American beer, however, exhibited an antimony concentration that was greater than the NPDWS MCL. Although the average regional concentrations of antimony did not exceed the NPDWS MCL, some English and Japanese beer samples contained antimony that exceeded the standard limit. Interestingly, some English and Australian beer samples contained high lead concentrations. However, the 95 % confidence limit bars indicated great variability in lead concentrations because of the small number of samples ana- lyzed, so these findings should be interpreted as potential indicators of lead being a contaminant of interest in English and Australian beers. The average selenium concentrations were below the NPDWS MCL, with limited variability, as illustrated by small error bars. The US beers had the highest selenium concentrations together with the Irish beers. This is in line with Rodrigo et al. [42] , who reported that selenium concentrations were the highest in the US beers when compared to beers from 10 other countries. Figure 4 illustrates the concentrations of aluminum, manganese and vanadium in beers with respect to their regional and country origins. Concentration ranges and the corresponding average of these metals for each geographical group are summarized in Table S3 . Except for Australian beers, the average aluminum concentrations exceeded SMCL in all beer samples regardless of the beer's origin. Although the average aluminum concentration in Australian beers was lower than the SMCL, some samples exceeded the guideline limits, as indicated by a 95% confidence limit bar. Manganese exhibited the same trend of exceeding the SMCL, regardless of the region, except for one beer from the South American continent. Regardless of the region or country of origin, all beers exceeded the vanadium UMCR3 limit and the estimated ATSDR limits of concern. Interestingly, some Australian beers had vanadium concentrations that were lower than the estimated limit of concern. These trends coincide well with the arsenic trend. Such coincidences are not surprising considering that arsenic and vanadium have similar oxyanion chemistry [66] .
Impact of grains used in beer production
on contaminant occurrence Figure 5 compares the concentration of concerning metal with respect to the grain ingredients used in the brewing process. Information about the metal concentration range and corresponding average for each grain group is summarized in Table  S3 of the Supplementary Information. Although the rice beer was expected to exhibit the highest arsenic concentrations because of the recent findings that arsenic is bio-accumulated by rice, the average concentration of arsenic in the tested rice beers was below the NPDWS MCL and the lowest compared to the other types of beer [23, [67] [68] [69] . Oatmeal and barley beers exhibited the highest concentrations of arsenic; however, the oatmeal beer data have to be considered with caution because only two oatmeal beers were examined. Similar caveats have to be considered for antimony and lead with respect to the oatmeal beer. The data suggest that oatmeal may contribute to elevated lead and antimony concentrations in beer. This has to be further investigated; however, in the absence of any data, this single data point represents a starting point that could lead to future inquiries. In contrast, selenium was not detected in the oatmeal beer. The concentration of selenium was statistically the same for all of the examined beers, and was below the NPDWS MCL.
Wheat and oatmeal beers exhibited the lowest average concentration of aluminum, which was lower than the SMCL. In contrast, barley and rice beers had greater aluminum concentrations than the SMCL. Manganese, however, was present in all types of beer above the SMCL. As reported by Porter and Bamforth [56] , manganese is present in grains at high levels, and its leaching from the grains into beer is more significant than iron. This could be attributed to manganese chemistry, however, no studies exist to confirm this hypothesis.
Vanadium concentrations in the different beer types were similar and exceeded the UCMR3 and the ATSDRs limit of concern. Although abundant in soil, vanadium exhibited very low concentrations of about 1 μg/l in tap water samples collected across the US. In contrast, food analysis studies documented that grains could contain up to 105 mg/kg of vanadium, which designated them as a one of major routes of vanadium exposure for the general population [60] . Based on these findings, it seems that manganese and vanadium found in beers originate mainly from grains, but the results obtained in this study could not determine whether they are grain specific or not. Rather than being environmentally conditioned (water and grains), aluminum occurrence, on the other hand, probably results from beer manufacturing steps (e.g. equipment or additives) or bottling [18, 53, 70] .
CONCLUSIONS
In light of the data generated from this study, it is evident that specific heavy metals, like arsenic, are present in beers in concentrations that exceed the NPDWS MCLs. In general, there are no significant differences between the concerning metals' concentrations of imported and domestic beers on the US market. Although water quality may be a factor contributing to the elevated concentrations of concerning metals in beers, it is more likely that the grain ingredients are greater contributors to these trends. The brewing processes could also contribute to the introduction of some of these evaluated metals in beer. However, to adequately address the exposure concerns, the regulatory deficiencies have to be addressed together with increasing the requirements for monitoring the quality of imported and domestic beverages.
